The microscopic method of electrophoresis has frequently been used in investigations of the electrokinetic behavior of bacteria. Abramson, Moyer, and Gorin (1942) have pointed out the advantages of the method and consider it to be one of the most powerful tools for the investigation of surface phenomena of living cells. The early literature on the application of the methods of electrophoresis has been reviewed by Abramson (1934) . In this review the electrophoretic behavior of bacterial cells was discussed particularly in relation to their surface isoelectric points, immune reactions, virulence, suspension stability, and surface composition.
The microscopic method of electrophoresis has frequently been used in investigations of the electrokinetic behavior of bacteria. Abramson, Moyer, and Gorin (1942) have pointed out the advantages of the method and consider it to be one of the most powerful tools for the investigation of surface phenomena of living cells. The early literature on the application of the methods of electrophoresis has been reviewed by Abramson (1934) . In this review the electrophoretic behavior of bacterial cells was discussed particularly in relation to their surface isoelectric points, immune reactions, virulence, suspension stability, and surface composition.
Moyer (1936b) reported that the surface factors which determine the electrophoretic mobility in mature cultures of Escherichia coli were constant during long periods of cultivation, provided rough variants were eliminated. On the other hand, young cultures exhibited a lowering of electrophoretic mobility during the time corresponding to the "period of physiological youth." More recently, Frampton and Hildebrand (1944) have reported that Erwinia amylovora and Phytomonas stewartii show distinctive mobility-pH curves though with neither organism was there a correlation of electrophoretic mobility with virulence.
The method of electrophoresis has been used to obtain evidence of surface changes associated with bacterial dissociation. Joffe and Mudd (1935) found that four strains of smooth, nonflagellate intestinal bacteria have approximately zero mobility over wide ranges of pH and salt concentration. Moyer (1936b) confirmed this behavior with Salmonella gallonarum. He further found that smooth strains of Escherichia coli maintain an almost constant electrophoretic mobility over a wide pH range, whereas the mobility of rough strains varies with pH. Steams and Roepke (1941a, 1941b) noted a similar behavior with smooth and rough variants of Brucella abortus and were able to follow the course of the dissociation process in a quantitative way by measuring the electrophoretic mobilities. Moyer (1936b) called attention to the fact that the net charge densityconcentration of electrolyte curves of both smooth and rough variants of Escherichia coli are similar to those of some carbohydrate and lipoid surfaces. The effect of varying pH and electrolyte concentration on the electrophoretie mobility of organic and inorganic surfaces of various types has been reviewed by Abramson (1934) and Abramson, Moyer, and Gorin (1942) . It is clear that the response of many surfaces to varying pH and electrolyte concentration is not always sufficiently characteristic to warrant the use of the electrophoretic method for purposes of identification. With regard to bacteria, electrophoretic studies have not been particularly fruitful in supplying information as to the nature of the surface cellular constituents which determine the electrokinetic potential.
The cytological and immunological evidence on the outer structures of bacterial cells has been discussed by Knaysi (1944) and Dubos (1945) .
It is generally considered that the protoplasm of a bacterial cell is surrounded by a cytoplasmic membrane which is, in turn, enclosed by a cell wall. The cell wall may be surrounded by a slime layer or capsule. There is relatively little information as to the chemical composition of the cell wall of bacteria, though claims have been made that it consists of cellulose, hemicellulose, or chitin.
There is lack of agreement as to the origin and character of the slime layer, though the capsular substances of a number of bacterial species consistessentially or exclusively of high molecular weight polysaccharides (Dubos, 1945) . Knaysi (1944) has stated, "The chemical composition of the slime layer, like that of the cell wall, has been studied both microchemically and macrochemically and, as in the case of the cell wall, we are only certain that it may be different in different bacteria and that it contains carbohydrate."
It seemed reasonable to expect that the electrokinetic behavior of bacteria upon treatment with suitable reagents and under carefully controlled conditions would be primarily dependent upon the nature of the surface cellular constituents. If this be true, it should be possible more precisely to identify the substances present in bacterial surfaces by comparison with surfaces of known composition. In seeking such a method we treated bacterial cells with surface-active agents with the expectation that they might produce well-defined changes in mobility dependent on the chemical nature of the materials predominating in the surface.
The mobilities of protein and lipoid and other substances were expected to be distinctively altered by treatment with surface-active agents because of their different affinities for the hydrocarbon or polar groups of the wetting agent molecules. For example, a negatively charged protein surface might have some of its negative charges neutralized by the polar groups of a cationic surface-active agent, whereas it would probably not be affected by an anionic surface-active agent. If a surface were lipoid in which the hydrocarbon end of the wetting agent molecule were soluble, the cationic wetting agent should again decrease the negative charge, but at different concentrations than with a protein; and an anionic wetting agent should increase the charge. Powney and Wood (1940) demonstrated such a behavior with mineral oil droplets treated with cationic and anionic surface-active agents.
As an initial step it was necessary to determine whether the electrokinetic behavior of various bacteria on treatment with surface-active agents would be consistent and characteristic. With (Briggs, 1940) , employing the standard method for the investigation of electrophoresis described by Moyer (1936a) .
Bacteria. To minimize possible variations in surface due to environment, the species studied were grown under as nearly comparable conditions as practicable. The cultural conditions employed are shown in table 1. In a few cases it was desirable to investigate the influence of environment on the surface, so other media were used as well. The bacteria were harvested and washed three times in phosphate buffer of ionic strength 0.02 and at pH 6.9. The bacterial cells were added to the buffered solutions of surface-active agents from stock suspensions containing 5 per cent cells by voluime. It was determined that the number of bacteria, within limits reasonable for observation, had no effect on the charge acquired in a given concentration of wetting agent. It was also determined that the time the readings were made after suspending the cells in solutions of surface-active agents had no influence on the charge acquired. However, the suspensions were allowed to stand 5 minutes or more before readings were begun.
Reagents. All experiments were performed in buffer solutions of 0.02 ionic strength. Ordinarily M/100 phosphate buffer at pH 6.9 was used. For more acid solution, acetate buffers (Cohn, 1928) figure 1 . There are several striking points to be noted in the mobility-concentration curves. With the anionic surface-active agent, STS, 'the mobility increases very slightly, but only in the most concentrated solutions. With the cationic surface-active agent, CPC, not only does the mobility decrease, but the charge is reversed. The decrease in mobility becomes rapid after a concentration of 3 X 10-6 M. The charge is reversed at about 1 X 10-4 M and apparently becomes stabilized after 3 X 1O-4 M. No appreciable change in the mobility of Micrococcus aureus with pH was observed between pH 4.0 and pH 6.9 when the cells were suspended in buffers of 0.02 ionic strength. Larson (1922) showed that by growing Micrococcus aureus in 3 per cent glycerol broth it was possible to increase the ether-acetone extracts of the cells from 8 to 40 per cent of the dry weight. Such an increase in fatty cell material might possibly be reflected in the cell surface. To test this possibility a culture of Micrococcus aureus was "fattened" by being grown in 3 per cent glycerol broth with aeration. The culture had been previously transferred several times in the same medi 3 X- The mobilities of the "fattened" Micrococcus aureus are also shown in figure 1. Several differences are apparent in the curves. The initial charge on the fattened cells is somewhat higher, increasing from 2.2 to 2.5 microns per second per volt per centimeter. In this connection, it should be noted that Verwey and Frobisher (1940) active agent the mobility begins to decrease at a more dilute concentration and decreases more gradually, and the charge is reversed sooner. Again the mobiity is stabilized in the highest concentrations of CPC.
The increased sensitivity to cetyl pyridinium chloride and the greater negative charge taken on in the presence of sodium tetradecyl sulfate can most logically be explained by an increase in the amount of lipoid material in the surface of the cells.
It might be expected that an increase in lipoid on the surface of the cells would influence the susceptibility to the action of disinfectants. The germicidal effect of CPC on the normal and fattened strains of Micrococcus aureus was determined under precisely the same conditions as those employed in the electrophoretic experiments. At 5-and 15-minute intervals, loopfuls of the suspensions were removed to tubes of melted, cooled agar and plated. As seen in table 2, the figure 2 . The irregular rate of change of mobility is not evident with the new culture. The mobility begins decreasing at about the same concentration as with the first culture, does not show the "hump," and is reversed with a more dilute concentration of CPC. A similar stabilization of charge is evident. Larson (1922) reported that it was possible to double the ether-acetone extractive material in cells of Escherichia coli by growing them in glycerol broth, the procedure used with Micrococcus aureus. In order to determine whether this increase in lipoid might be reflected in the cell surface, as was the case with Micrococcus aureus, suspensions of cells grown in plain broth and in glycerol broth were compared. Identical mobility-concentration curves were obtained. However, the curve, as shown in figure 2, differs from previous curves in one definite respect. The cells acquire almost no positive charge even in the most concentrated CPC solution. This result was confirmed with two more suspensions, one grown in plain broth and one in FDA broth. It should be noted that the last experiments with Escherichia coli (var. communior) were performed 
Pseudomonas aeruginosa
Because the several strains of Escherichia coti had exhibited such dissimilarities after treatment with wetting agents, Pseudomonas aeruginosa was investigated to determine if this behavior might be found in another gram-negative bacterium. Two strains were investigated, the first a laboratory strain which has been subcultured for a period of about 10 years, the second a strain freshly isolated from a kerosene enrichment culture. The electrophoretic curves of the two, shown in figure 3, are probably the same within the range of experimental error. In the CPC solutions both show the same slow change of mobility beginning at about 3 X 101 M. The charge is not reversed until almost 3 X 10-4 M and is stabilized at 3 X 10-3 M. In the STS solutions the mobility shows a small but definite increase. to decrease at 1 X 10s M, drops rapidly, is reversed at 3 X 10-M, and gradualy becomes stabilized. This is the first of the species studied to show a marked sensitivity to pH. At pH 4 the mobility was almost zero. The STS and CPC curves were repeated at pH 4. The shape of the curves is similar to those at pH 7, but some of the changes are more pronounced. The mobility increases more with the anionic wetting agent. The positive charge taken on with the cationic wetting agent is greater, but the over-all change in mobility is less.
This strain of Spirillum dissociates readily. figure 5 .
The mobility of the vegetative cells does not change with the anionic surfaceactive agent. With the cationic surface-active agent, it begins to decrease at 3 X 10-M, drops very rapidly, is reversed at 1 X 10-4 M, acquires a large positive value, and is stabilized at 3 X 1O-4 M.
The STS curves for the vegetative cells and the spores are similar. The CPC curves, however, are very different. The mobility of the spores begins to decrease much sooner, decreases more gradually, and attains a very different final value.
The mobilities of spores from 4-to 6-day cultures were highly variable, the figures at one extreme in each case closely approximating the values for the vegetative cells. For example, at 1 X 10-3 M CPC, the mobilities of the spores ranged from a slightly negative value to a positive value of 1.3 microns per second per volt per centimeter, whereas the value for the vegetative cells at this concentration was + 1.7. This suggested that some of the spores in such a young culture might still retain a part of the vegetative structure at their surfaces. Therefore, a suspension of spores was prepared from a culture 3 months old, and tested. The mobilities, which are those shown in figure 5, were still variable but very much less so. In the most concentrated CPC solutions the values fell into two groups, one slightly negative and the other slightly positive, with an average of about zero mobility.
Probably spores entirely devoid of the vegetative structure would all retain a negative mobility in the most concentrated cationic solutions. This is a result entirely unlike those of all other cells that we have investigated. The surface character of spores is apparently markedly different from the surfaces of both their own and other vegetative cells. This observation may be of some significance in connection with the notable resistance of bacterial spores to adverse conditions.
Mycobacterium smegmatis and Mycobacterium phlei
To account for the resistance of bacteria in the genus Mycobacterium to ordinary chemical disinfectants, it has sometimes been assumed that a waxy capsule surrounds these cells with resulting impermeability to chemical agents. Mudd (1924, 1927) have presented evidence that acid-fast bacteria have a hydrophobic surface because of their behavior at an oil-water interface.
This observation agrees with the common experience that cells of Mycobacterium are wet with difficulty. However, Marton (1943) photomicrographs give no indication of a waxy layer at the surface of Mycobacterium tuberculosis. Likewise, Knaysi (1929) has presented microchemical evidence that no such waxy capsule surrounds the cells of Mycobacterium tubercutosis. Freund (1925) suggested that acid-fast bacteria have a protein surface, because their agglutination reactions are similar to those of particles of protein.
The experiments performed with Mycobacterium smegmatis and Mycobacterium phlei are recorded in figure 6. The curves for the two species resemble each other but differ markedly from the curves obtained with the other bacteria investigated. The mobility with the cationic wetting agent begins to decrease in a very dilute solution, 1 X 106 M. The change in mobility is more gradual than it is with any of the other bacteria studied, occurring over a very wide range of concentration. A high positive charge is attained.
The mobility is sensitive to changes in pH. Mobility-concentration curves with the anionic wetting agent were obtained at pH 7, 5, and 4. At pH 7 the mobility with STS increased only slightly, and at pH 5 a little more. At pH 4 it increased markedly, the slope increasing as the concentration of wetting agent increased. The mobility attained with 1 SX 108 M STS at pH 4 approximates that with the same concentration at pH 5 and 7.
Chondrococcus columnaris Chondrococcus columnaris, which was isolated by Ordal and Rucker (1944) and shown to be the causative agent of a fatal disease in salmon, was selected as a representative of the Myxobacteriales. Because of the differences between myxobacteria and true bacteria, this species was of special interest to study electrophoretically. The results are plotted in figure 7 .
The change in mobility after treatment with STS is very striking. The mobility increases tremendously, more than tripling its value. Ihe mobility of Spirillum volutans and Mycobacterium smegmatis also increased when the initial mobility was adjusted to a low value by lowering the pH; in these cases, however, the mobility did not increase nearly so much, and the change began at a higher concentration of the wetting agent. Chondrococcus columnaris forms microcysts which, although representing a resting stage, are not comparable to bacterial spores, because they do not possess much resistance to injurious agents. The electrophoretic mobilities of the microcysts are shown in figure 7. The curves for the microcysts are similar to those for the vegetative cells except that the increase in mobility after treatment with STS is less and begins at a greater concentration.
The same strain was reinvestigated about 18 months later. During this time it had been transferred on tryptone media and had lost its pathogenicity for salmon. The character of its growth in tryptone broth had changed from auniform turbidity to a slimy mass from which it was difficult to separate all the cells, even with repeated washings. Although the initial charge of these cells was approximately the same as before, the behavior of the cells after treatment with STS was very different. The mobility of a few cells increased in the presence of the highest concentrations of STS, though only a fraction as much as had the original culture, and -most of the cells showed no change in mobility.
Another strain freshly isolated from diseased squaw fish, but not pathogenic to salmon, was investigated. The cells from this culture were easily suspended after washing. The results are also shown in figure 7 . The behavior of this strain on treatment with both surface-active agents differs considerably from that shown by the original culture pathogenic to salmon. The initial charge is lower and on treatment with STS increases slightly at a 10-3 M concentration. On treatment with CPC the charge is reduced to zero and no positive charge results.
It seems reasonable to believe that with the original culture from salmon the high mobility in the presence of STS Treatment with the cationic surface-active agent, cetyl pyridinium chloride, yields a general pattern of decrease of charge, reversal of charge, and stabilization of charge. The degree of these changes and the concentration of CPC at which they occur are very different among the bacteria studied. Bacteria treated with CPC differ especially in the concentration at which the first change in mobility occurs, the rate of change of mobility, the concentration at which the charge is reversed, the magnitude of the positive mobility acquired, and the concentration at which the positive mobility is stabilized.
The changes in mobility which occur on treatment with surface-active agents must depend both on the chemical nature of the surface-active agent and that of the cell surface. The cell surface involved is, of course, the outermost layer under the particular experimental conditions. In some cases this may be the slime layer or capsule. If the slime layer is absent or has been removed by the experimental procedure, it is the cell wall.
The selection of sodium tetradecyl sulfate and cetyl pyridinium chloride for this investigation was somewhat fortuitous, and it is to be expected that more distinctive concentration-mobility curves will be obtained by the use of surfaceactive agents of different structures or by the use of other polar molecules. Evidence of this has been obtained in electrophoretic investigations of particles of known composition using surface-active agents of varying structure. Bradbury and Jordan (1942) have measured the variation of electrophoretic mobility with time when suspensions of Escherichia coli in equilibrium water were exposed to p-aminobenzoic acid, sulfanilamide, and related chemical compounds. Active antibacterial compounds produced characteristic mobility-time curves, whereas inactive substances produced an initial change in mobility which did not alter with the time of contact. The conclusion was drawn that sulfanilamide and related drugs behaved like p-aminobenzoic acid at the bacterial surface. It was concluded further that the association of the drug with the organism is a function of the aromatic amino groups, and that the polarity produced by the resonance of active molecules is one of the factors determining activity. Although Abramson (1934) and Moyer (1940) have severely criticized the use of suspensions of bacteria in distilled water, the data of Bradbury and Jordan are convincing, and their method may prove useful for the study of bacterial surfaces.
The method described in this paper will prove of value in the determination of the chemical nature of substances present at the cell surface only if the presence of these substances is characteristically reflected in the electrokinetic behavior of bacteria in the presence of surface-active agents or other reagents. A beginning has been made in the determination of the electrokinetic behavior of particles of known composition in the presence of varying concentrations of surfaceactive agents. Striking differences have been observed in the electrophoretic behavior of substances such as hydrocarbons, protein, phospholipid, cholesterol, and inert surfaces in the presence of surface-active agents. These results will be reported separately. Proteins such as lipoproteins, nucleoproteins, mucins,
